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Abstract
The IceCube Neutrino Observatory is the largest operating experiment searching for astrophysical neutrinos. Situated
at the geographical South Pole, IceCube has been completed in 2010 and is entering its phase of discovery now. Several
studies that have recently been performed in IceCube show an excess of events at high energies, indicating the presence
of a non-atmospheric component in the diﬀuse neutrino ﬂux.
The aim of this study is to characterize the diﬀuse neutrino ﬂux as measured by IceCube. To this end, a global
likelihood ﬁt to the results of multiple IceCube analyses has been performed. These analyses include both main detection
channels (track-like and shower-like events) and use data taken between 2008 and 2012 with four diﬀerent IceCube
conﬁgurations (featuring 40, 59, 79 and 86 strings, respectively). The ﬁt method is introduced and ﬁrst results are
presented.
c© 2014 Published by Elsevier Ltd.
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1. Introduction
The maximum-likelihood analysis presented here combines the recent evidence for extraterrestrial neu-
trinos [1] with other IceCube analyses that have a lower energy threshold. The energy distributions measured
by the analyses are combined and ﬁt with distributions for background components and an astrophysical
component. The analyses use data that have been collected between April 2008 and May 2012. The com-
bined event selection features both main detection channels, track-like events induced by charged-current
νμ interactions as well as shower-like events induced by charged-current νe and ντ interactions and all-ﬂavor
neutral-current interactions. The total energy range covered is between 2 TeV and 1 PeV.
One source of high-energy neutrinos is the atmosphere of the Earth. Neutrinos are produced in interac-
tions of high-energy cosmic rays with atoms in the atmosphere and arrive at the detector from all directions.
Neutrinos that are produced in decays of π and K mesons are called conventional atmospheric neutrinos,
while neutrinos from the decay of charmed mesons are called prompt atmospheric neutrinos. Prompt atmo-
spheric neutrinos follow a harder spectrum, due to the short lifetime of the parent mesons. They have not
been observed yet, but are expected to dominate the total atmospheric neutrino ﬂux above some 100 TeV.
It is expected that high-energy neutrinos are also produced in astrophysical candidate sources of cosmic
rays such as active galactic nuclei (AGN) or gamma ray bursts (GRB), by essentially the same interaction
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mechanisms. Although these sources have not been identiﬁed yet, typically one expects an equal number
of neutrinos per ﬂavor (νe : νμ : ντ = 1 : 1 : 1) for neutrinos produced in the decay of light mesons due to
ﬂavor oscillations during their propagation to Earth. A generic spectrum that is often used as a benchmark
to evaluate the sensitivity to an astrophysical neutrino ﬂux is a power-law φ ∝ E−2. Such a spectrum is
expected e.g. for neutrinos produced in the interaction of shock-accelerated protons and nuclei with the
interstellar medium.
In reality, the neutrino spectrum depends on the dominant acceleration processes and regions, as well as
on the properties of the interaction targets. Constraints on the shape of the astrophysical neutrino spectrum
can help to identify the physical processes that generate the observed excess of neutrinos and narrow the
range of source populations that might be responsible for the excess. Through the combination of several
analyses on independent IceCube data sets that is presented here one obtains tighter constrains on the spectral
parameters than the ones derived from individual analysis.
2. The IceCube Neutrino Observatory
The IceCube detector [2] is installed in the ice underneath the geographic South Pole, between 1450
and 2450 meters depth. It consists of 5160 optical modules, deployed on 86 strings with a spacing of
approximately 125 meters. The vertical distance between two modules is approximately 17 meters. The
instrumentation is more dense in a central part called DeepCore, IceCube’s low energy extension. The opti-
cal modules contain 10′′-photomultiplier tubes from Hamamatsu [3], together with digitization electronics
[4]. The IceCube Observatory also includes IceTop, a cosmic-ray detector consisting of 81 stations that are
installed on the surface of the ice above IceCube [5].
Neutrino interactions are detected by IceCube through the Cherenkov radiation that is emitted by the
secondary particles created in the interaction. The topology of the detected events depends on the ﬂavor of
the incoming neutrino and the type of interaction. In charged-current νμ interactions a muon is produced,
leading to track-like signatures that can be reconstructed with a good angular resolution. Because the muon
track typically enters and/or leaves the detector, only a lower limit on the neutrino energy can be determined.
So-called shower-like events stem from charged-current νe and ντ interactions and all-ﬂavor neutral-current
interactions. The dimensions of the particle shower produced in these interactions are much smaller than the
detector spacing, resulting in a directional reconstruction that is worse than for track-like events, typically
10◦ − 15◦. The uncertainty on the energy deposited in the detector is approximately 15% [6].
The analyses considered here use data from the full IceCube detector with 86 strings (IC86, 2011/2012),
but also data from partial conﬁgurations with fewer strings taken during the construction of IceCube (IC40,
2008/2009; IC59, 2009/2010; IC79, 2010/2011).
3. Searches for a diﬀuse neutrino ﬂux in IceCube
Searches included in this analysis are targeted at the TeV-PeV energy range and are designed to search
for an isotropic or diﬀuse ﬂux of high-energy neutrinos. This ﬂux is expected to manifest itself as an excess
of events with respect to the high-energy tail of the atmospheric neutrino spectrum.
The ﬁrst analysis included here [7] uses νμ-induced tracks from the Northern hemisphere. It has been
performed with data taken with the 59-string conﬁguration of IceCube. The analysis strategy consists of se-
lecting high-quality upward-going tracks in order to suppress the overwhelming background of atmospheric
muons. The selection includes events that have their interaction vertex outside of the instrumented volume,
enlarging the active volume of IceCube. The large number of events selected in this sample yields good
constraints on the atmospheric neutrino background.
Two analyses based on shower-like events are used, one using data from the 40-string conﬁguration
[8] and one using data from the 59-string conﬁguration [9]. These analyses select events with a spherical
topology and require the interaction vertex to be contained within the instrumented volume of IceCube, i.e.
events in which light is ﬁrst detected on the outermost layer of optical modules are rejected. While this
selects events coming from both hemispheres, a suﬃciently high probability to detect light from incoming
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atmospheric muons is needed to reliably reject those events. Typically, this leads to an energy threshold
of some 10 TeV, below which the muon rejection can become ineﬃcient because some muons produce too
little light to be detected. The search with the 40-string conﬁguration provides two samples with diﬀerent
selection criteria, one with reconstructed energies between 2 TeV and 100 TeV (“low energy”) and one with
reconstructed energies above 100 TeV (“high energy”).
The last analysis included is the previously mentioned analysis described in [1]. The event selection
strategy is similar to the two analyses outlined in the previous section, with the following two most important
diﬀerences. While also a veto has been implemented to reject incoming events, no requirements on the
topology of the events have been made. This leads to a slightly increased background from atmospheric
muons but selects νμ-induced tracks that start inside the detector in addition. Moreover, the suppression
of the downgoing atmospheric neutrino ﬂux due to accompanying muons [10] has been calculated and
implemented for the ﬁrst time. This feature is exploited here by splitting the event sample in two, a “southern
sky” sample and a “northern sky” sample.
This makes for a total of six samples that are combined in this analysis.
4. Likelihood method
The combined data are ﬁt with probability density functions (pdf) for the energy distributions that are
based on theoretical models for the background components (see section 4.1) and for diﬀerent hypotheses of
the astrophysical component (see section 4.2). By varying the model parameters, the combination of these
components that shows the best agreement with our data is found. A binned Poisson-likelihood is used to
determine the best agreement. The eﬀects of systematic uncertainties have been parametrized and included
in the procedure as nuisance parameters. The included systematic eﬀects are the absolute magnitude of the
muon background, the uncertainty of the cosmic ray spectral index and the absolute energy scale uncertainty.
4.1. Background components
By far, the most abundant background to all searches for neutrinos in IceCube is atmospheric muons,
which reach the detector from above at a rate of ∼ 2.8 kHz. Full rejection of muon-induced events has not
been achieved in all of the samples considered here. The residual contribution to the sample is estimated
through extensive simulations with the CORSIKA program [11]. The absolute magnitude of the contribution
is implemented as a nuisance parameter in the likelihood ﬁt.
In searches for a diﬀuse ﬂux of astrophysical neutrinos, atmospheric neutrinos constitute the second
class of background. We use the HKKMS06 model [12] for the conventional neutrinos and the ERS model
[13] for the prompt neutrinos. A modiﬁcation that accounts for the eﬀects of the knee in the cosmic ray
spectrum based on the H3a composition model from [14] has been applied to both models (as described
in [7]). The normalizations of the conventional and prompt atmospheric spectra are free parameters in the
likelihood ﬁt.
4.2. Astrophysical component
The following four diﬀerent hypotheses for the astrophysical component of the neutrino ﬂux are tested.
In each case, background components are ﬁt together with the astrophysical component to the data. We
always assume that the astrophysical ﬂux has a ﬂavor ratio of νe : νμ : ντ = 1 : 1 : 1 at Earth.
• Background-only: This is the case of no astrophysical neutrino ﬂux being present, the data are ﬁt
using pdfs for the background components only.
• E−2:
φ = N0 · E−2 , (1)
where the normalization N0 is the only free parameter. This is the benchmark model that is typically
used in searches for an astrophysical ﬂux of neutrinos.
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• Index:
φ = N0 · E−γ , (2)
with the index γ as an additional free parameter.
• Cut-oﬀ :
φ = N0 · E−2 · exp
(
− E
Ecut
)
, (3)
with an exponential cut-oﬀ at energy Ecut.
5. Results
We present results for four diﬀerent ﬁts to our combined data, based on the four hypotheses for the
astrophysical component introduced in the previous section. Figures 1 - 4 show the energy distributions of
the combined data together with the best-ﬁt models for all four hypotheses. The ﬁgures also show the best-ﬁt
parameter values for the prompt and astrophysical component as well as a goodness-of-ﬁt value, which has
been obtained from a comparison with simulated toy experiments.
Even though the prompt contribution is ﬁt to more than 7 times the ERS+H3a model prediction, the
goodness-of-ﬁt value for the Background-only hypothesis is only 0.012% (3.8 σ), indicating a very poor ﬁt
quality. The ﬁts of hypotheses including an astrophysical component on the other hand yield reasonable
goodness-of-ﬁt values and non-zero values for the normalization of this component. Note that even though
the goodness-of-ﬁt value for the E−2 hypothesis is larger than for the Index and Cut-oﬀ hypotheses, better
agreement is reached for the latter two; it is only due to the additional free parameter that the goodness-of-ﬁt
values for these hypotheses are smaller than for the E−2 hypothesis. Likelihood ratio tests favor the Index
and Cut-oﬀ hypotheses over the E−2 hypothesis with a signiﬁcance of about 2σ and 1.5σ, respectively.
In case of the Index hypothesis, the best-ﬁt value for the power-law index is γ = 2.7 ± 0.2 and in case of
the Cut-oﬀ hypothesis, the best-ﬁt value for the cut-oﬀ energy is Ecut =
(
1.8+5.0−1.0
)
PeV. Both of these two
parameters are correlated with the normalization of the astrophysical component as illustrated in Fig. 5.
The plots in the ﬁgure show two-dimensional scans of the likelihood landscape with 68%, 95% and 99.7%
conﬁdence regions indicated.
We ﬁnd that the determination of the prompt atmospheric neutrino ﬂux is aﬀected by the apparent pres-
ence of an astrophysical neutrino ﬂux. The best-ﬁt normalizations for the prompt component vary, depend-
ing on the assumptions that are made on the form of the astrophysical component. More data in the energy
range between 10 TeV and 100 TeV will be needed in order to solve this ambiguity. A special case arises
in the ﬁt of the Index hypothesis, in which the normalization of the prompt atmospheric component is ﬁt
to zero, i.e. no prompt atmospheric neutrinos are needed to explain the data. However, since we know
that charm production in the air shower must take place, we have repeated the ﬁt with the normalization of
the prompt atmospheric component set to the ERS+H3a model prediction. In this case, the normalization
of the astrophysical component reduces by approximately 15% and the spectral index of the astrophysical
component becomes harder by ∼ 0.05.
6. Summary
An excess of high-energy neutrinos has been observed in multiple analyses in IceCube. We have pre-
sented the ﬁrst global interpretation of these results and shown that they are consistent. Although the prompt
component of the atmospheric neutrino ﬂux is not well constrained by the current data, an astrophysical
component is needed to explain the excess. Diﬀerent hypotheses for the astrophysical component have been
tested. They all point to the existence of such a ﬂux, although the current statistics in the data samples does
not allow to unambiguously distinguish between the diﬀerent options tested; only a slight preference for a
spectrum steeper than E−2 or with an exponential cut-oﬀ has been found. Results from newer analyses are
expected soon and will make the global analysis presented here more powerful.
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Fig. 1. Data compared to the best-ﬁt energy distributions for the background-only hypothesis. The six panels correspond to the
six samples introduced in section 3. The vertical axes denote the number of events detected/expected during the live time of the
corresponding analysis. Conventional and prompt atmospheric neutrinos are shown in blue and green, respectively. The orange
histograms show the residual atmospheric muon background, astrophysical neutrinos are shown in red. Data are indicated by black
dots, the vertical error bars denote the 68% Feldman-Cousins [15] interval. Best-ﬁt parameter values are listed in the upper right, the
goodness-of-ﬁt value is denoted in the upper left.
Fig. 2. Data compared to the best-ﬁt energy distributions for the E−2 hypothesis. For more explanation, see the caption of Fig. 1.
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Fig. 3. Data compared to the best-ﬁt energy distributions for the Index hypothesis. For more explanation, see the caption of Fig. 1.
Fig. 4. Data compared to the best-ﬁt energy distributions for the Cut-oﬀ hypothesis. For more explanation, see the caption of Fig. 1.
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(a) (b)
Fig. 5. Two-dimensional scans of the likelihood landscape, the log-likelihood diﬀerence with respect to the best ﬁt is color-coded.
(a) Index hypothesis. Shown is the correlation between the power law index and the normalization parameter of the astrophysical
component. (b) Cut-oﬀ hypothesis. Shown is the correlation between the cut-oﬀ parameter and the normalization parameter of the
astrophysical component.
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